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In this paper, the Coulomb-induced changes of Fano interference in electronic transport through
a double quantum dot Aharonov-Bohm ring are discussed. It is found that the Coulomb interaction
in the quantum dot in the reference channel can remarkably modify the Fano interference, including
the increase or decrease of the symmetry of the Fano lineshape, as well as the inversion of the Fano
lineshape, which is dependent on the appropriate strength of the Coulomb interaction. When both
the quantum dot levels are adjustable, the Coulomb-induced splitting of the nonresonant channel
leads to the destruction of the Fano interference; whereas two blurry Fano lineshapes may appear
in the conductance spectra when the many-body effect in the dot of the resonant channel is also
considered. Interestingly, in the absence of magnetic field, when the different-strength electron
interactions make one pair of levels of the dots in different channels the same, the corresponding
resonant state keeps vacuum despite the adjustment of quantum dot levels.
PACS numbers: 73.63.Kv, 73.21.La, 73.23.Ra, 73.63.Nm
I. INTRODUCTION
The Fano effect, arising from the quantum
interference between resonant and nonresonant
processes,1,2 has been observed in various phys-
ical fields, including neutron scattering,3 atomic
photoionization,4 Raman scattering,5 optical ab-
sorption in quantum wells,6 scanning tunneling
microscopy,7 and microwave scattering.8 As a re-
sult, asymmetric lineshapes appear in the spectra
concerned, e.g., optical absorption spectrum, usually
called the Fano lineshapes.2,6 Quantum dots (QDs),
in particular, the coupled multiple QD structures,
provide multiple channels for electronic coherent
transmission. In appropriate parameter region, one
or a few channels serve as the resonant paths for elec-
tron tunneling and the others are the nonresonant
ones. Quantum interference of electron waves going
through these different paths inevitably leads to the
occurrence of Fano effect in the electron transport
through these structures.
Experimentally, Fano resonances have been ob-
served first in QDs at the Kondo regime.9,10 Sub-
sequently, by embedding a Coulomb blockaded QD
in an Aharonov-Bohm (AB) ring interferometer, a
variety of Fano lineshapes were observed in the mea-
sured conductance spectra. Conductance measure-
ments exploring different geometries, such as a quan-
tum wire with a side-coupled QD,11,12,13 a one-lead
QD,14 a ring with side-coupled QD,15 as well as the
parallel double QD structures,16,17 provide more in-
sight into the Fano problem in mesoscopic systems.
The occurrence of conductance dips in ballistic
AB rings was theoretically investigated almost 20
years ago.18 Further, early theoretical works exam-
ined the possibility of Fano lineshapes in the trans-
mission through one-dimensional waveguides and
waveguides with resonantly coupled cavities.19 Re-
cently, inspired by the development of the relevant
experimental works, there have been a lot of the-
oretical investigations devoting themselves to the
Fano interference in electron transport through var-
ious QD structures, for example, one or two QDs
embedded in an AB ring,20,21,22,23 double QDs in
different coupling manners.24,25,26,27,28 According to
these theoretical results, the Fano effect in QD struc-
tures exhibits some peculiar behavoirs in electronic
transport process, in contrast to the conventional
Fano effect. These include the tunable Fano line-
shape by the magnetic or electrostatic fields ap-
plied on the QDs,24,25,26,27 the Kondo resonance as-
sociated Fano effect,20,21,28,29 Coulomb-modification
on the Fano effect,30 the impurity-influenced Fano
interference,31 the relation between the dephasing
time and the Fano parameter q,32 and the spin-
dependent Fano interference when various spin-
relevant field is applied.33
According to these previous works, since the
understanding of the important role of Coulomb
interactions in electron transport through the
coupled-QD structures, in so many previous
literatures,20,21,28,29 when the Fano interference in
electron tunneling through the corresponding QD
structures were investigated, the influence of the
many-body effect on the Fano resonance is always
a leading concern. Albeit these theoretical descrip-
tions, some aspects about the Coulomb-modified
Fano effect in QD structures deserve further theo-
retical investigation. First, we have to know that in
the mixed-valence regime, the Coulomb interactions
also contribute nontrivially to the electron transport
process, since the quantum interference is modified
by the Coulomb-induced splitting of the QD levels
(Interpretatively, ε0 is changed into ε0 and ε0 + U
with ε0 being one QD level and U the Coulomb inter-
action strength). Accordingly, the Coulomb-induced
multi-channel quantum interference presents some
complicated properties quite different from those in
2the noninteracting case. Such an issue was dis-
cussed in the model of parallel-coupled double QDs,
in which the observable change of the Fano effect
is exhibited.30 Secondly, as is known, with respect
to the multi-QD structures, such as the double-QD
AB ring, it is not necessary that there are equal elec-
tron interactions in the respective QDs.34 Thereby,
the investigation of the influence of the unequal
Coulomb repulsions on the quantum interference,
e.g., the Fano interference, is desirable.
Motivated by such a topic, in this work we concen-
trate our attention on the Coulomb-modified Fano
effect in electronic transport through a double-QD
AB ring. Then, with the help of the standard
Fano form of the linear conductance expression, the
Coulomb-induced changes of the Fano lineshapes in
the linear conductance spectra are discussed in de-
tail. It is found that the Coulomb interaction in
the QD in the reference channel plays a nontriv-
ial role in the change of the Fano lineshapes. For
the case of the adjustable levels of both QDs, the
Coulomb-induced splitting of the nonresonant chan-
nel leads to the destruction of the Fano interference.
Only when the many-body effect in both QDs of
the ring, blurry Fano lineshapes are possible to ap-
pear in the conductance spectra. In addition, in the
zero-magnetic-field case, when the different-strength
electron interactions make any pair of QD levels of
different channels consistent, the corresponding res-
onant state keeps vacuum.
The rest of the paper is organized as follows. In
Sec. II, the model Hamiltonian to describe the elec-
tron motion in double-QD AB ring is introduced
firstly. Then a formula for the linear conductance is
derived by means of the nonequilibrium Green func-
tion technique and the Fano form of the conductance
expression are obtained. In Sec. III, the calculated
results about the linear conductance spectrum are
shown. Then a discussion focusing on the change
of Fano lineshape is given. Finally, the main results
are summarized in Sec. IV.
II. MODEL
The double-QD AB ring we consider is illustrated
in Fig. 1(a). The Hamiltonian to describe the elec-
tronic motion in this structure reads H = HC +
HD +HT . The first term is the Hamiltonian for the
noninteracting electrons in the two leads:
HC =
∑
σ,k,α∈L,R
εαkc
†
αkσcαkσ, (1)
where c†αkσ (cαkσ) with σ = ±1 (or ↑, ↓) being the
spin index is an operator to create (annihilate) an
electron of the continuous state |k, σ〉 in lead-α, and
εαk is the corresponding single-particle energy. The
second term describes electron in the two QDs in the
arms of the ring, which takes a form as
HD =
2∑
j=1,σ
εjd
†
jσdjσ +
2∑
j=1
Ujnj↑nj↓, (2)
where d†jσ (djσ) is the creation (annihilation) opera-
tor of electron in QD-j. And εj denotes the electron
level in the corresponding QD, while Uj represents
the intradot Coulomb repulsion. We assume that
only one level is relevant in each QD. The last term
in the Hamiltonian describes the electron tunneling
between the leads and QDs. It is given by
HT =
∑
jk,σ
(VjLd
†
jσcLkσ + VjRd
†
jσcRkσ +H.c.), (3)
where Vjα denotes the QD-lead coupling strength.
The tunnelling matrix elements take the following
values: V1L = |V1L|e
iφ/4, V ∗1R = |V1R|e
iφ/4, V2R =
|V2R|e
iφ/4, and V ∗2L = |V2L|e
iφ/4. The phase shift φ
is associated with the magnetic flux Φ threading the
system by a relation φ = 2piΦ/Φ0, in which Φ0 = h/e
is the flux quantum.
To study the electronic transport properties in
the linear regime, the linear conductance at zero
temperature is obtained by the Landauer-Bu¨ttiker
formula35,36
G =
e2
h
∑
σ
Tσ(ω)|ω=εF . (4)
Tσ(ω) is the transmission function, in terms of
Green function which takes the form as Tσ(ω) =
Tr[ΓLGrσ(ω)Γ
RGaσ(ω)], where Γ
L is a 2 × 2 matrix
and defined as [ΓL]jn = 2piVjLV
∗
nLρL(ω), describ-
ing the coupling strength between the two QDs and
lead-L. We will ignore the ω-dependence of ΓLjn since
the electron density of states in lead-L, ρL(ω), can
be usually viewed as a constant. By the same token,
we can define [ΓR]jn. Besides, the retarded and ad-
vanced Green functions in Fourier space are involved
here. By means of the equation-of-motion method
and via a straightforward derivation,37 we obtain the
retarded Green functions written in a matrix form:
Grσ(ω) =
[
g1σ(z)
−1 iΓ12
iΓ21 g2σ(z)
−1
]−1
, (5)
with z = ω + i0+. And gjσ(z) = [(z − εj)Λjσ +
iΓjj ]
−1, is the zero-order Green function of the
QD-j unperturbed by another QD, where Γjn =
1
2{[Γ
L]jn + [Γ
R]jn}. Besides,
Λjσ =
z − εj − Uj
z − εj − Uj + Uj〈njσ¯〉
(6)
results from the second-order approximation
(i.e., Hubbard approximation) for Coulomb
terms.37,38 The average electron occupation
number in QD-j is determined by the relation
〈njσ〉 =
i
2pi
∫
dω[G<σ (ω)]jj , in which G
<
σ (ω) =
3Grσ(ω)Σ
<Gaσ(ω) with Σ
< = iΓLfL + iΓ
RfR. In
addition, the advanced Green function can be
readily obtained via a relation Gaσ(ω) = [G
r
σ(ω)]
†.
With the solution of the Green function and the
definition of the coupling matrixes Γα, we can ex-
press the linear conductance defined by Eq.(4) in
terms of the structure parameters, i.e.,
G =
e2
h
∑
σ
ε˜22σΓ
L
11Γ
R
11 + ε˜
2
1σΓ
L
22Γ
R
22 + ε˜1σε˜2σ(Γ
L
12Γ
R
21 + Γ
L
21Γ
R
12)
(ε˜1σ ε˜2σ − Γ11Γ22 + Γ12Γ21)2 + (Γ11ε˜2σ + Γ22ε˜1σ)2
, (7)
with ε˜jσ = εjΛjσ being the renormalized level of
QD-j. The expression corresponds to Eq. (7) in the
work of C. Karrasch et al.29 distinctly. In order to
study the Fano interference, one usually rewrites the
conductance expression into a Fano form, i.e.,
G =
e2
h
∑
σ
Tbσ
|eσ + qσ|
2
e2σ + 1
, (8)
in which the three auxiliary quantities are de-
fined as Tbσ = Γ
L
11Γ
R
11/[|ε˜1σ|
2 + Γ211], eσ =
−ReGr22,σ/ImG
r
22,σ, and qσ = −
ε˜1σ
Γ11
(ΓL12Γ
R
21Γ11 −
TbσΓ12Γ21Γ11)/(Γ
L
11Γ
R
11Γ22 − TbσΓ12Γ21Γ11). Obvi-
ously, Tbσ is the ability of electron transmission
through the upper arm of the ring. Under the
condition of symmetric QD-lead coupling, ΓLjj =
ΓRjj , so qσ can be simplified as qσ = −
ε˜1σ
Γ11
(eiφ −
Tbσ cos
2 φ
2 )/(1 − Tbσ cos
2 φ
2 ). Also, from Eq.(8) we
can find that Fano antiresonance emerges while
eσ + qσ = −[Γ
L
11Γ
R
11ε˜2σ + Γ
L
12Γ
R
21ε˜1σ]/[4Γ
L
11Γ
R
11Γ22 −
TbσΓ11Γ12Γ21] = 0, which indicates that Fano an-
tiresonance emerges inevitably while ΓL11Γ
R
11ε˜2σ +
ΓL12Γ
R
21ε˜1σ = 0.
III. NUMERICAL RESULTS AND
DISCUSSIONS
Based on the formulation developed in the pre-
vious section, we can then carry out the numerical
calculation to investigate the Fano interference in
electron transport through such a double-QD AB
ring structure. Before proceeding, we consider Γ as
the unit of energy and take the Fermi level of the
system εF as the zero point of energy.
First, with the help of a standard Fano expression
Eq.(8), by analyzing the Fano parameter qσ we can
investigate the appearance of the Fano lineshape in
the linear conductance spectrum. It is certain that
when qσ is real, the linear conductance is possible
to display a standard Fano lineshape, and moreover
the change of the sign of qσ (+/−) can lead to the
reversal of the Fano lineshape. As discussed in the
previous works,26,27,39 there are two ways to real-
ize the change of the sign of qσ, i.e., by choosing the
different-sign values of the level of QD-1 with respect
to the Fermi level or tuning the threading magnetic
flux from φ = 2npi to φ = (2n+ 1)pi (n ∈ Integer).
As shown in Fig.1(b) and (c), when the level of QD-
1 is fixed at a nonzero value with respect to the
Fermi level, the upper arm of the AB ring accord-
ingly provides a reference (nonresonant) channel for
the Fano interference, consequently, with the shift of
the level of QD-2 the calculated conductance spectra
present the Fano lineshapes apparently. To be con-
crete, in the absence of magnetic flux, qσ is equal to
− ε1Γ11 , thereby, the opposite-sign values of QD-1 level
causes the opposition of signs (+/−) of qσ, which
gives rise to the inversion of the Fano lineshape. Of
course, ε1 = 0, implying qσ = 0, is a critical position
of the lineshape’s inversion, correspondingly, in such
a case the liner conductance is equal to 2e2/h, inde-
pendent of the modulation of ε2. On the other hand,
when the magnetic flux increases to pi, the Fano pa-
rameter qσ has the expression qσ =
ε1
Γ11
, hence the
Fano lineshape can also be inverted despite ε1 = −
Γ
2
fixed, as shown in Fig.1(c).
Next, we turn to pay attention to the influence of
the many-body effect on the change of the Fano line-
shape. It is known that the many-body effect is an
important origin for the peculiar transport proper-
ties in coupled-QD structures. Therefore, it is sup-
posed to influence the Fano resonance to some ex-
tent. Usually, the many-body effect is incorporated
by considering only the intradot Coulomb repulsion,
i.e., the Hubbard term. In general, if the Hubbard
interaction is not very strong, we can truncate the
equations of motion of the Green functions to the
second order.37,38 In Figs.2, by choosing U2 = 0 and
ε2 = ε0 +
Γ
2 , we first investigate the influence of
the many-body effect in QD-1 on the Fano interfer-
ence and plot the Coulomb-modified linear conduc-
tance spectra as functions of ε2. From the figure,
we can readily see that the increase of Coulomb re-
pulsion strength of QD-1 indeed changes the Fano
lineshape in a nontrivial way. As a typical case, in
Fig.2(a) with ε1 = −
Γ
2 , when U1 = Γ it is interest-
ing that the conductance spectrum presents a Breit-
Wigner lineshape with its resonant peak at the point
of ε2 = 0, corresponding to the dotted line in this
figure. This indicates that in such a case, only the
electron transport through the down arm of the ring
is allowed, so that the Fano interference vanishes
completely. With the increment of the Coulomb
4strength, such as for the cases of U1 = 2Γ and 3Γ, the
conductance profiles show themselves as the Fano
lineshapes again, but the asymmetry degree of them
is weaker compared with that in the noninteracting
case. Next, in the cases of ε1 = −Γ, as exhibited in
Fig.2(b), when U1 = Γ the corresponding conduc-
tance is equal to 2e
2
h in the whole range of ε2; but
when U1 = 2Γ, the linear conductance spectrum gets
close to the Breit-Wigner lineshape as well, similar
to the result in the case of ε1 = −
Γ
2 and U1 = Γ.
Alternatively, under the condition of ε1 = −2Γ it
is shown that the increase of U1 (i.e., the case of
U1 = 3Γ) can give rise to the reversal of the Fano
lineshape, just as displayed by the shot-dashed line
in Fig.2(c). Therefore, by virtue of the above results,
the effect of the Coulomb interaction in the reference
channel on the Fano interference is striking.
We can find, from Eq.(7), that in the linear trans-
port regime, the many-body effect modify the elec-
tron transport through such a structure by renor-
nalizing the QD levels εj to ε˜jσ = εjΛjσ = εj(i0
+−
εj − Uj)/(i0
+ − εj − Uj + Uj〈njσ¯〉). Therefore, it
is understood that the many-body effect in QD-1
can efficiently adjust the Fano lineshape in the con-
ductance curves with its modulating the Fano pa-
rameter qσ, since in the absence of magnetic flux
qσ = −
ε1σ
Γ11
= − ε1Γ11Λ1σ ( or qσ =
ε1σ
Γ11
= ε1Γ11Λ1σ
when φ = pi). In Fig.3(a) and (b), by assuming
ε1 = −
Γ
2 , −Γ, and −2Γ, the profiles of Re[Λ1σ]
and Im[Λ1σ] are plotted as functions of U1, respec-
tively. It is seen that in general regime, only the
real part of Λ1σ contributes to the variation of qσ,
whereas when the condition of U1 = 2ε1 is satis-
fied, both the real and imaginary parts of Λ1σ play
important roles in the sharp change of qσ. Taking
the case of ε1 = −
Γ
2 as an example, in the vicin-
ity of U1 = Γ, |Λ1σ| approximately goes to infinity,
so, in such a case qσ → ∞ and then the conduc-
tance expression can mathematically be simplified
as G = e
2
h
∑
σ
1
e2
σ
+1 =
e2
h
∑
σ |g2σ|
2, which is accord-
ing to the display of a Breit-Wigner lineashape in
the linear conductance curve. The physical reason
of such a result can be clarified as follows. As is
known, in the presence of many-body effect, the level
of QD-1 splits into two, i.e., ε1 and ε1+U1, thus the
consideration of ε1 = −
Γ
2 and U1 = Γ gives rise to
the electron-hole symmetry of QD-1 and the occupa-
tion number of σ-spin in QD-1 is just 〈n1σ〉 =
1
2 . By
virtue of the description in the previous works,37 we
can be sure that the electron-hole symmetry is able
to restrain the electron tunneling through the upper
arm of the ring, when the electron correlation effect
is ignored. As a consequence, in such a case only
the electron transmission through the down arm (
resonant channel ) is allowed, which results in the
appearance of the Breit-Wigner lineshape in the lin-
ear conductance. On the other hand, from Fig.3(a)
and (b), it can also be found that when ε1 = −Γ and
U1 = Γ is considered, Λ1σ becomes equal to zero,
hence in such a case the Fano parameter qσ = 0 and
eσ → ∞, as a result, the conductance is equal to
2e2
h independent of the tuning of ε2. On the other
hand, for the case of ε1 = −2Γ and U1 = 3Γ, one
can see that Λ1σ becomes negative obviously, which
results in the inversion of the Fano lineshape in the
calculated conductance profile.
Typically, let us continue to devote ourselves to
the curve of Re[Λ1σ] and Im[Λ1σ] of ε1 = −
Γ
2 . One
can readily find that in the process of U1 increasing
to Γ2 , Re[Λ1σ] decreases from 1 to zero, which leads
to the decrease of qσ ( since here Im[Λ1σ] = 0 ) and
the increase of the asymmetry of the Fano lineshape,
corresponding to the results in Fig.3(c). Well, it is
clear that U1 =
Γ
2 make qσ close to infinity, so the
conductance becomes a constant irrelevant to the
shift of ε2. When the Coulomb repulsion strength
exceeds Γ2 Re[Λ1σ] becomes negative until the point
of U1 = Γ, accordingly the sign of qσ changes and
such a result brings about the reversal of the Fano
lineshape in the calculated linear conductance spec-
trum, as shown in Fig.3(d). When go on increas-
ing the Coulomb strength in QD-1, we can see that
ReΛ1σ always keeps positive with the amplitude of
it greater than one, so under such a condition the
weak modulation of U1 on the Fano lineshape is well
understood, too. With the results above, we can
clarify the phenomenon of the modulation of many-
body effect in QD-1 on the Fano interference in such
a system. In addition, it is necessary to point out
that when the Coulomb interaction in QD-2 is taken
into account, the electron interaction in QD-2 can
induce the splitting of the level of QD-2(i.e., ε2 and
ε2 + U2), so it is clear that the Fano lineshape in
the conductance spectrum will be divided into two
groups, but the properties of the Fano lineshape are
still determined by the Coulomb term in QD-1, as
shown in Fig.3(e).
For the case of the adjustable ε1, by letting Γ11 =
10Γ22 = Γ and ε1 = ε0−
Γ
2 one can also readily find a
Fano lineshape in the linear conductance spectrum,
as shown in the inset of Fig.4(a). This is for the rea-
son that here the upper arm of this ring can provide
a ‘less’ resonant path while its down arm provides
a ‘more’ resonant path for the occurrence of Fano
interference. Then, according to the results in Fig.4
(a) and (b), in comparison with that in the noninter-
acting case, in such a case the existence of the many-
body effect in QD-1 can also modify the Fano inter-
ference to a great extent. In the absence of magnetic
flux and the many-body term in QD-2, as shown in
Fig.4(a), we find that when U1 = Γ, in the conduc-
tance spectrum there exist two peaks respectively
corresponding to the positions of ε0 =
Γ
2 and −
Γ
2
with the approximately-equal width of them, and at
the vicinity of ε0 = 0 the conductance encounters
its zero value. It is therefore certain that in such a
case, the original Fano interference disappears com-
pletely since the consideration of many-body effect.
Such a result can be well explained as follows. Cer-
tainly, the Coulomb interaction in the Hubbard ap-
5proximation can lead to the splitting of the energy
level ε1 into ε1 and ε1 + U1,
37,38 so with the ad-
justment of ε1 in the conductance curve there are
two peaks corresponding to the points of ε1 = 0 and
ε1 + U1 = 0, respectively. With respect to the zero
point of the conductance, we can understand that it
arises from the electron-hole symmetry, as discussed
above. But, we have to note that in this case due to
ε2 = ε1 + U1, the conductance peak at the point of
ε1+U1 = 0 originates from the constructive interfer-
ence between the electron waves passing through the
two arms, since at this position the absence of mag-
netic flux causes the uniform phase of the electron
waves. With the increase of U1, there appear three
conductance peaks in the linear conductance spec-
tra, respectively associated with the points of ε1, ε2,
and ε1 + U1 equal to the Fermi level. Apparently,
we have to know that owing to the Coulomb-induced
splitting of the conductance spectrum in the upper
arm, electron transmission though this channel can
not be regarded as a ‘less’ resonant process. There-
fore, the Fano interference is seriously destroyed and
the linear conductance spectrum does not display a
standard Fano lineshape any more.
When a local magnetic flux is introduced with
φ = pi, as shown in Fig.4(b), it is found that for
the case of U1 = Γ, opposite to the result of zero
magnetic field, when ε2 (i.e., ε1+U1) coincides with
the Fermi level of the system the electron transport
becomes antiresonant. This is because that the ap-
plication of magnetic field with φ = pi gives rise to
the opposition of the phases of the electron waves
traveling through the two arms, and the destruc-
tive interference results in the occurrence of antires-
onance. But notice that this antiresonance can not
be viewed as the Fano antiresonance. Then, even if
increasing the Coulomb interaction strength in QD-
1, one can find that there is still no Fano lineshape
in the conductance spectrum, especially for the case
of U1 = 2Γ, distinctly no Fano antiresonance valley
exists in the conductance spectrum, which can also
be obtained analytically.
In Fig. 4(c) and (d) the many-body effect in QD-2
is also taken into account, and it shows the conduc-
tance spectra of U2 = Γ. Here, since the nonzero
U2, the level of QD-2 ε2 splits into two, i.e., ε2 and
ε2 + U2, the electron transport through the down
arm can result in two resonant peaks at the posi-
tions of ε2 = 0 and ε2 + U2 = 0, respectively, as
shown by the dashed line in Fig.4(c) with U1 = Γ.
Clearly, the conductance peak corresponding to the
point of ε0 = −
Γ
2 originates from the constructive
interference of the electron waves in the two arms;
when the Coulomb-induced level ε2 + U2 is con-
sistent with the Fermi level, the electron traveling
through the down arm of this ring can provide a
‘more’ resonant path while the upper arm provides a
‘less’ resonant path, so in this regime the linear con-
ductance spectrum also presents a Fano lineshape.
Next, when the Coulomb interaction strength is in-
creased to U1 = 2Γ, the level ε2 + U2 has an oppor-
tunity to coincide with the level ε1 + U1, thus when
ε0 is adjusted to the position of ε0 = −
3Γ
2 , the co-
herent electron transport shows a resonant peak in
the case of φ = 0, whereas the conductance becomes
zero when the magnetic flux phase factor increases
to φ = pi. On the other hand, when the Coulomb re-
pulsion in QD-1 is taken to be U1 = 3Γ, the conduc-
tance profile is divided into two groups symmetric
about the axis of ε0 = −Γ, where the electron-hole
symmetry just comes into being. And in each group
there is a Fano lineshape, respectively around the
positions of ε2 = 0 and ε2 + U2 = 0. It is notewor-
thy that, when the magnetic phase factor φ = pi,
an insulating band comes up obviously between the
two Fano peaks. This is for the reason that in this
region the conductance zero induced by the electron-
hole symmetry and two Fano antiresonance occurs,
so the conductance in this region is seriously sup-
pressed. And a similar discussion can be found in
Ref[37].
In the following, let us turn to focus on the average
electron occupation numbers in the two QDs, as dis-
played in Fig.5(a)-(d). First, as shown in Fig.5(a),
remarkably different from the results in the other
cases, it is interesting that with regard to the case
of φ = 0, when only the electron interaction in QD-
1 is considered U1 = Γ, the average electron oc-
cupation number in QD-2 is seriously limited (i.e.,
〈n2σ〉 → 0), independent of the adjustment of gate
voltage around the Fermi level. So in such a struc-
ture, by the presence of appropriate conditions the
zero electron occupation ( i.e., the vacuum state )
in QD-2 can be achieved in principle. In order to
uncover such a result, there is need to analyze the
local density of states (LDOS) in QD-2. Just as
shown in Fig.6(a), we investigate the LDOS spec-
trum of QD-2 with the relevant quantities fixed at
ε0 = −Γ, U1 = Γ, and U2 = 0. It is found that in
the case of zero magnetic flux, the LDOS in QD-2
keeps zero in the whole range of ω, accordingly one
can understand the result of zero electron occupa-
tion number in QD-2. Such a result can be explained
analytically by paying attention to the Green func-
tion Gr22,σ, since the LDOS in QD-2 can be written
out following the formula ρ2σ = −
1
pi ImG
r
22,σ. We
then first obtain the analytical expression of Gr22,σ
with Gr22,σ =
g2σ
1+g1σΓ12g2σΓ21
. Due to the level of QD-
2 ε2 identical with ε1 + U1, the expression ρ2σ can
be expressed explicitly as ρ2σ =
1
pi
Γ22
(ω−ε2)2+(
Γ11
2
+Γ22)2
when the magnetic flux is absent (Here the strength
of the coupling between the level ε1 + U1 and the
leads are assumed to be Γ112 for simplicity). Because
of Γ11 ≫ Γ22, one can well understand the result
of ρ2σ → 0. To be contrary, we can see that when
φ = pi, ρ2σ =
1
pi
Γ22
(ω−ε2)2+Γ222
, which leads to the clear
peak of the LDOS spectrum, as shown by dotted line
in Fig.6(a). The further explanation about this re-
sult should fall back on the analysis of the quantum
6interference in this system by means of the language
of Feynman path.39 Next, for the reason alike, we
can understand that at the zero magnetic field case,
when U1 = U2 = Γ 〈n2σ〉 begins to increase sharply
at the point of ε0 = −
3Γ
2 , since the identical ε2 and
ε1 + U1, as shown in Fig.5(c). We might as well
conclude that in such a structure, in the absence of
magnetic field, when a localized state is completely
wrapped by a expanding state, the average electron
occupation number in it will be close to zero and
such a state will become vacuum. Thus, under the
condition of U1 = 2Γ and U2 = Γ, the average oc-
cupation number of σ-spin electron in QD-2 has its
maximum 12 [see Fig.5(c) and Fig.6(b)], since in such
a case the Coulomb-induced levels in the two QDs
are the same as each other.
Lastly, we have to mention the influence of the
electron interactions on the Fano interference when
the electron correlation is taken into account. Well,
when the electron interaction is very strong, one
need extend the theoretical treatment by adding the
interdot interaction and beyond the second order ap-
proximation. Then the further modification to the
Fano lineshape will naturally arise. For example,
when the QD in the upper arm is in the Kondo
regime, there will be a bound state aligned with the
Fermi level of the system.40,41 Thereby, the Kondo
resonance will occur in the upper arm ( the refer-
ence channel ) of such a structure and accordingly
the Fano parameter will take a value close to zero.
Thus, we can predict that in the Kondo regime, the
Fano lineshape in the linear conductance spectrum
will be modulated to a great degree. Surely, the
renormalized group (RG) technique,42,43,44 is an ap-
propriate method to deal with this problem. SO,
with this idea we can investigate this interesting sub-
ject in the future.
IV. SUMMARY
To sum up, in this work we have systematically
studied the Coulomb-modified Fano effect in elec-
tron transport process through a double-QD AB
ring. Firstly, we established an expression of the lin-
ear conductance in the standard Fano form. Then,
the change of the Fano parameter qσ has received
much attention by the presence of the many-body
effect in the QDs, and based on the obtained results,
the changes of the Fano lineshapes in the linear con-
ductance spectra have been well investigated. Con-
sequently, we have found that the Coulomb interac-
tion in QD-1 (i.e., the dot in the reference channel)
contributes much to the change of the Fano interfer-
ence, and furthermore appropriate Coulomb interac-
tion can lead to the inversion of the Fano lineshape.
But the nonzero Coulomb interaction in QD-2 (the
dot of the resonant channel) only brings about the
emergence of two-group Fano lineshapes, the vari-
ation of which are still determined by the electron
interaction in QD-1.
When both the QD levels are adjustable with re-
spect to the Fermi level, the Coulomb-induced split-
ting of the nonresonant channel gives rise to the de-
struction of the Fano interference. Only for the cases
of the many-body effect in the QD of the resonant
channel also being considered, two blurry Fano line-
shapes emerge in the conductance spectra again. In
addition, we have also found that the difference of
the strength of the electron interactions in the two
QDs has a opportunity to make one pair of QD levels
of the two channels consistent with each other, which
causes the corresponding resonant state vacuum in
the absence of magnetic field. And by analyzing the
LDOS in the QD in the resonant channel, such a re-
sult is clarified. We hope that all these results could
be helpful for the relevant experiment.
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FIG. 1: (a) Schematic of a double-QD AB interferome-
ter. (b) The linear conductance spectra with ε1 =
1
2
Γ, 0,
and − 1
2
Γ, respectively, in the absence of magnetic field.
(c) The compared conductance spectra for the cases of
φ = 0 and pi with ε1 = −
1
2
Γ. The QD-lead couplings are
Γ11 = 10Γ22 = Γ and and the level of QD-2 ε2 = ε0+
1
2
Γ.
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FIG. 2: The conductance spectra influenced by the
different-strength Coulomb repulsions in QD-1, with the
level of QD-1 being respectively fixed at −0.5Γ, −Γ, and
−2Γ.
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FIG. 3: (a) and (b) The curves of ReΛ1σ and ImΛ1σ as
functions of U1. (c) and (d) The U1-modulated conduc-
tance spectra. (e) The linear conductance in the presence
of nonzero U2.
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FIG. 4: The Coulomb-modified conductance spectra for
the cases of the adjustable levels of QD-1 and QD-2.
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